Discrete Shannon entropy was introduced in view of the mathematical properties of multiconfiguration methods and then used to interpret the information in atomic states expressed by the multiconfiguration Dirac-Hartree-Fock wavefunction for Ni-like isoelectronic sequence. Moreover, the relationship between the concepts, including sudden change of Shannon entropy, information exchange, eigenlevel anticrossing, and strong configuration interaction, was clarified by induction on the basis of the present calculation of the energy structure for Ni-like isoelectronic sequence. It was found that there is an interesting connection between the change of Shannon entropies and eigenlevel anticrossings, along with the nuclear charge Z, which is helpful to conveniently locate the position of eigenlevel anticrossings and information exchanging and understand them from the point of view of information, besides the traditional physical concepts. Especially, it is concluded that in a given configuration space eigenlevel anticrossing is a sufficient and necessary condition for the sudden change of Shannon entropy, which is also a sufficient condition for information exchange.
Introduction
Information concepts have been used in the analysis of a large variety of physical concepts for a long time. As one of them, Shannon information entropy [1] has been employed to elucidate physical and chemical properties of nuclear, atomic, and molecular systems from an information theoretical point of view. Today, Shannon information plays a more and more important role in studying atomic and molecular properties.
In much of the literature on atomic and molecular physics, the Shannon information entropy was almost calculated from the one-electron wavefunction, which can elucidate the uncertainty of localization of electron cloud in position and momentum spaces. González-Férez and Dehesa [2] calculated the Shannon entropy according to the nonrelativistic one-electron wavefunction in the presence of the uniform magnetic and electric fields in order to indicate or predict the avoided-crossing phenomena of some excited states of hydrogen atom in the presence of magnetic and electric fields. In their work, a sudden change at the avoided-crossing region and an informational exchange between the states had been found. He et al. [3] also proposed a method to calculate the positions of avoided crossings for Rydberg potassium in a static electric field on the basis of Shannon entropy. Their work shows that the Shannon entropy is an efficient parameter for characterization and prediction of avoided crossings of Rydberg potassium. As far as we know, in atomic and nuclear physics, the information entropy has already been used to study the quantum chaotic system [4, 5] by using configuration interaction method to analyze the spectrum and the eigenstates of complex atom and heavy nuclei, in which the wavefunction of the excited states are chaotic superpositions of hundreds or thousands of principal basis states.
On the other hand, as is well known, a number of level crossings have been found in the calculation of energy levels, along with various isoelectronic sequences. In early work, Fischer [6] described the level crossings and the oscillator-strength trends around the region of level crossings in detail. As mentioned in her work, the two energy curves for the upper and lower states are continuous and actually anticross. However, in atomic physics, it is customary to identify the level by the dominant component in an atomic state function like everywhere else. Traditionally speaking, in the study on the isoelectronic sequence, the level crossing, in fact, means state crossing which is denoted by the configuration state function that has the largest weight in the atomic state function. Therefore, whether it is a level crossing in an isoelectronic sequence or anticrossing (or avoided crossing) in an external field, the eigenlevel anticrossing would be used in order to avoid confusion in the present work.
To our knowledge and mentioned above, Shannon entropy has been used to analyze the quantum chaotic system (e.g., [4, 5] ) and indicate the extent of localization [2, 3, [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] and complexity [20] [21] [22] [23] [24] [25] of an electronic cloud on the basis of the one-electron orbitals or density distribution. However, there is almost no discussion about the information in multiconfiguration methods, such as the multiconfiguration self-consistent field (MCSCF) and configuration interaction (CI) methods. In this paper, discrete Shannon entropy was introduced in order to measure information on the atomic states in the configuration space. In Section 2, we provide a complete description of the theoretical method. In Section 3, the Shannon entropies are shown for the ground and single excited states, along with the Ni-like isoelectronic sequence. Then, the relationship between the sudden change of Shannon entropy, information exchange, eigenlevel anticrossing, and strong configuration interaction is discussed based on the calculated energy levels, configuration mixing coefficients, and Shannon entropies. Finally, some concluding remarks and outlook are summarized in Section 4.
Theoretical Considerations
In the calculation on atomic structure, the wavefunction of atoms and ions can be obtained by the multiconfiguration method. Generally speaking, there are two major categories, i.e., multiconfiguration self-consistent field and configuration interaction methods according to whether the one-electron orbitals change in the calculation processes. On the other hand, there are also two main treatments, that is, in nonrelativistic and relativistic ways. In the nonrelativistic treatment, the configuration interaction with nonrelativistic orbital basis and multiconfiguration Hartree-Fock (MCHF) method with the one-electron orbitals generated by the self-consistent field procedure [26] have been employed. Likely, the relativistic configuration interaction (RCI) with relativistic one-electron orbitals and multiconfiguration Dirac-Hartree-Fock (MCDHF) methods with the relativistic electron orbitals generated by the self-consistent field procedure [27] have also been used to interpret the atomic states. Nonetheless, all of them have the same form:
where |Ψ i (J P ) is the i-th atomic state function (ASF) corresponding to the i-th level. |Γ j (J P ) , j = 1, 2, · · · , n c are the so-called configuration state functions (CSF), which can expand a subspace with the certain total angular momentum (J) and parity (P) in the whole configuration space (or infinite eigenstate space). In this paper, the even and odd parities are described by the superscripts e and o. n c is the number of the configuration state functions. In multiconfiguration methods, the atomic state functions are expressed as a linear combination of configuration state functions with the same symmetry and C ij , j = 1, 2, · · · , n c are the so-called configuration mixing coefficients for the i-th atomic state function, the modulus square of which can be usually used to indicate the weight of the j-th configuration in the i-th atomic state, yielding the normalization condition for the i-th atomic state function:
Traditionally, the atomic state or energy level is named after the dominant component in expansion of atomic state function, i.e., the configuration with the largest modulus square.
In our previous work [28] , a discrete Shannon entropy was set up to measure the information in configuration space because of the properties of configuration mixing coefficients, 0 ≤ |C ij | 2 ≤ 1, i, j = 1, 2, · · · , n c , that is, if we define the configuration weights
then s ij = −ρ ij lnρ ij is the information entropy for the j-th configuration state function |Γ j (J P ) in the i-th atomic state function |Ψ i (J P ) corresponding to a certain energy level, and it yields the normalization condition
Therefore, the Shannon entropy of the i-th energy level described by the |Ψ i (J P ) is defined by
which can be used to indicate the information on a certain energy level in quantity, i.e., the Shannon entropy can measure the uncertainty of the configurations for each certain atomic state in a given configuration space. According to its mathematical properties, it is easy to show that the range of the multiconfiguration wavefunction for the i-th atomic state is given by 0 ≤ S Ψ i ≤lnn c . The zero value is for the i-th atomic state, where one of the ρ ij equals 1 and all other ρ ij are zero, which supplies the most information in the configuration space from the point of view of information because of its least entropy. The maximum value results for uniformly weights of configuration states in the i-th atomic state function ρ ij = 1 n c , j = 1, 2, · · · , n c .
The above situation is a limit of the strongest configuration interaction, which implies there is no dominant configuration state wavefunction in the configuration space. In a word, in this situation the weights are distributed equally into each CSF in the subspace; therefore, the atomic state wavefunction has the most uncertain information.
In the present work, the energy levels of ground and single excited states of Ni-like isoelectronic sequence were calculated by using the multiconfiguration Dirac-Hartree-Fock and relativistic configuration interaction methods [27] . As is well known, Ni-like ions have 28 electrons that constitute their ground configuration of 1s 2 2s 2 2p 6 3s 2 3p 6 3d 10 1 S 0 . In order to calculate the energy levels, we constructed the subspaces for calculating the energy levels of Ni-like ions, which have been shown in detail in Tables 1 and 2 , where the closed subshells were conveniently omitted. For simplicity, only the ground and single excited configurations were included in this calculation, where there are 51 and 56 configuration state functions with even and odd parity, respectively. Within the framework of multiconfiguration Dirac-Hartree-Fock method, the radial orbitals were firstly generated from Dirac-Hartree-Fock equations by a self-consistent field procedure. Next, the relativistic configuration interaction calculation was carried out to obtain the resultant energies, which include Breit interaction, finite nucleus and the lowest-order QED correction, and corresponding mixing coefficients in the configuration space which can be expanded by the configuration basis set that were made of the relativistic electronic orbitals mentioned above. By the way, the calculated values of energy levels will not be given again in this paper, which had been compared with other theoretical and experimental results within the relative accuracy of about 1% or less [29] [30] [31] , especially for highly charged ions. Finally, the Shannon entropy for each energy level can be easily obtained from the configuration mixing coefficients according to Equations (3) and (5) . Table 1 . Subspaces expanded by the ground and single excited configuration state functions with J P = 0 e , 1 e , 2 e , 3 e , 4 e , and 5 e . 0 e 1 e 2 e 3 e 4 e 5 e (3d 4 3/2 3d 6 5/2 ) 0 (3d −1 
Results and Discussion
Over the past three decades, systematic trends have been found in energy levels, oscillation strengths, radiative and nonradiative probabilities and lifetimes, and so on along an isoelectronic sequence, which have the same number of electrons in atomic systems with different nuclear charge Z.
In the present work, we calculated the Shannon entropies of the ground and singly excited states for Ni-like isoelectronic sequence and focused on the relationship between the sudden change of Shannon entropy, eigenlevel anticrossing, information exchange, and strong configuration interaction. Figures 1, 2, 5-9 and 11-18 present the Shannon entropies for the levels in the corresponding configuration space, and the dominant configuration of each level is given in these figures according to the configuration mixing coefficients. In these figures, the marks are arranged from up to down in order to describe the eigenlevels of different ions in the corresponding subspace in Ni-like isoelectronic sequence. Figures 1 and 2 show the Shannon entropies and the dominant components for seven J P = 1 e levels of Ni-like isoelectronic sequence; some of these were discussed in the preliminary work [28] , and a rough conclusion was drawn. The present work shows more detailed analysis and corrected results. In Figure 1 , the Shannon entropies have maxima at Z = 87 and 91 for the 6th and 4th levels, respectively, while the 5th level has two maxima at Z = 87 and 91. The peaks are considered as the first kind of sudden change of Shannon entropies in the present work. Apparently, the 4th level has one peak, the 5th two, and the 6th one. From the perspective of information, the information of eigenlevels is exchanged near the mentioned peaks position. Definitely, the 4th, 5th, and 6th levels are, in turn, labeled by their dominant components (3d −1 3/2 4d 3/2 ) 1 , (3d −1 3/2 4d 5/2 ) 1 , and (3p −1 3/2 4p 1/2 ) 1 in configuration subspace with J P = 1 e for nuclear charge Z = 43 to 87. At Z = 88, the dominant components (3d −1 3/2 4d 5/2 ) 1 and (3p −1 3/2 4p 1/2 ) 1 exchanged, and these levels are labeled as (3d −1 3/2 4d 3/2 ) 1 , (3p −1 3/2 4p 1/2 ) 1 , and (3d −1 3/2 4d 5/2 ) 1 from Z = 88 to 91. Further, the dominant components (3d −1 3/2 4d 3/2 ) 1 and (3p −1 3/2 4p 1/2 ) 1 swap with each other at Z = 92, so the levels are named (3p −1 3/2 4p 1/2 ) 1 , (3d −1 3/2 4d 3/2 ) 1 , and (3d −1 3/2 4d 5/2 ) 1 . In other words, the information of the 5th level exchanges, in turn, with the 6th and 4th levels at Z = 88 and 92. 30 
In order to show the information exchange between the levels at some certain Z, Table 3 and Figure 3 , respectively, present the configuration mixing coefficients and weights of configuration state functions for the atomic state functions in the subspace with J P = 1 e corresponding to the 4th, 5th, and 6th levels in Figure 1 . The weights of the dominant components (3d −1 3/2 4d 3/2 ) 1 for the 4th level, (3d −1 3/2 4d 5/2 ) 1 for the 5th level, and (3p −1 3/2 4p 1/2 ) 1 for the 6th level of Fr 59+ ion (Z = 87) are 98.9%, 66.6%, and 66.5%, respectively. It is clear that the information of the 5th and 6th levels in configuration space has not been concentrated one configuration, approximately, on the contrary of the 4th level, so the dominant components in the 5th and 6th levels have not been clear at Z = 87. Then, the dominant components swap with each other at Z = 88, so the information exchanged between the 5th and 6th levels around the positions with the maxima of Shannon entropies. It can be induced that, where there is a sharp maximum in Shannon entropy, there is an information exchange. Figure 3 . Weights of configuration state function in the configuration space with J P = 1 e for the 4th, 5th, and 6th levels of Ni-like ions with Z = 87, 88, 91, and 92. Table 3 . Configuration mixing coefficients for the 4th, 5th, and 6th levels in the subspace with J P = 1 e at Z = 41, 42, 43, 87, 88, 91, and 92.
On the other hand, besides the redistribution of the configuration mixing coefficients and weights in configuration space, along with the nuclear charge Z, these peaks are also the reflection of eigenlevel anticrossings at Z = 87 and 91, where the energy differences reach the minima, i.e., ∆E 6,5 = 0.2609 Hartree and ∆E 5,4 = 0.3299 Hartree, which are 5 orders of magnitude smaller than their energy eigenvalues. In Figure 4 , as a schematic diagram, the difference between the 6th and 5th levels reaches a minimum at Z = 87. Obviously, it can be found that the region of anticrossings can be easily and directly determined with the help of analysis on the Shannon entropies, along with the isoelectronic sequence of Ni-like ions. Furthermore, the configuration interaction is the strongest between (3d −1 3/2 4d 5/2 ) 1 and (3p −1 3/2 4p 1/2 ) 1 in Fr 59+ ion (Z = 87) and between (3d −1 3/2 4d 3/2 ) 1 and (3p −1 3/2 4p 1/2 ) 1 in Pa 63+ ion (Z = 91). That is, strong configuration interaction can make information obscure and further may lead to information exchange in the configuration space so that the corresponding Shannon entropies reach the maxima for the 5th and 6th levels at Z = 87 and for the 4th and 5th levels at Z = 91. Exceptionally, there is no obvious changes in the entropies for the 4th and 5th levels around Z = 43. And it can also be found that the dominant components (3d −1 3/2 4d 5/2 ) 1 and (3d −1 3/2 4d 3/2 ) 1 exchange for the 4th and 5th levels at Z = 43, and both of the 4th and 5th levels have the same dominant component (3d −1 3/2 4d 3/2 ) 1 at Z = 42 from Table 3 . Previously, we believed that strong configuration interaction can result in the anticrossing. However, the anticrossing does not take place between the two levels. It is obvious that the information exchange is not necessarily caused by strong configuration interaction that also need not lead to the eigenlevel anticrossing.
In our previous work [28] , we also discussed the Shannon entropies for the levels labeled as
and (3s −1 1/2 4s 1/2 ) 1 ranging from Z = 68 to 95 and roughly found the connection between the sudden changes of Shannon entropy and anticrossings. Here, we expand the region from Z = 31 to 95 in order to show complete information exchanges and anticrossings for the levels with J P = 1 e . Figure 2 gives the Shannon entropies of other four levels labeled as (3p −1
where the exchanges of dominant component take place at Z = 38, 70, 75, 81, and 86, in turn, according to the position of sudden changes. That is, the exchanges of dominant component take place at Z = 38, 70, 75, 81, and 86, which can easily be seen from Tables 4 and 5 . Meanwhile, there are five anticrossings around those ions with Z = 38, 70, 75, 81, and 86. The minima of the energy differences are, respectively, ∆E 11,10 = 0.00615 Hartree at Z = 37, ∆E 11,10 = 0.0792 Hartree at Z = 70, ∆E 10,9 = 0.0613 Hartree at Z = 75, ∆E 11,10 = 0.9544 Hartree at Z = 80, and ∆E 9,8 = 0.3714 Hartree at Z = 86. It is interesting that the kinds of changes for Shannon entropy in Figure 2 are richer than that in Figure 1 mentioned in our previous work [28] . Besides the narrow peak, there are simple jump-style changes at Z = 38 and 70 and overlapping narrow peak around Z = 80. Comparing with the previous results [28] , more complete information is given in this paper, where some results have also been corrected.
At Z = 38 and 70, where the continuity of entropies is not maintained for the two levels, the Shannon entropies jump either up or down. This step is related to the information exchange for the corresponding levels more directly than that in the situation of maxima. It is found from Table 4 that the weights of the dominant components (3p −1 3/2 4f 5/2 ) 1 for the 10th level and (3s −1 1/2 4s 1/2 ) 1 for the 11th level in Figure 2 for Rb 9+ ion (Z = 37) are 99.7% and 98.9%, while the weights of the dominant components (3s −1 1/2 4s 1/2 ) 1 for the 10th level and (3p −1 3/2 4f 5/2 ) 1 for the 11th level for Sr 10+ ion (Z = 38) are 98.8% and 99.7%. Similarly, the weights of the dominant components (3s −1 1/2 4s 1/2 ) 1 for the 10th level and (3p −1 3/2 4f 5/2 ) 1 for the 11th level in Figure 2 of Tm 41+ ion (Z = 69) are 96.6% and 99.8%, while the weights of the dominant components (3p −1 3/2 4f 5/2 ) 1 for the 10th level and (3s −1 1/2 4s 1/2 ) 1 for the 11th level of Yb 42+ ion (Z = 70) are 99.7% and 96.0%. The common property is that all of the weights are approximate to one so that the Shannon entropies would be almost equal to zero for those levels, which shows the unambiguous level information from the configuration space and that the simple jump-style changes are not related to the strong configuration interaction. Furthermore, there is no direct relationship between the sudden changes of Shannon entropy and configuration interaction. But, this result obviously cannot be understood in terms of strong configuration interaction, so it is impled that this type of information exchanges may be caused by radial orbital mutations between Z = 37 ∼ 38 and Z = 69 ∼ 70. Because the orbital basis, which are generated by multiconfiguration self-consistent field method, is different for different ions, obviously, information exchange and strong configuration interaction can be easily analyzed by using mixing coefficient lists and configuration weight graphs (see Tables 3-5 and Figure 3 ). So, in order to avoid repetition, only the description of Shannon entropies and configuration mixing coefficients are given below so as to find their corresponding relationship in the other configuration space. Figures 5-7 show the Shannon entropies for thirteen levels in a combined configuration space with J P = 2 e and 3 e . Figure 5 gives the Shannon entropies for the 8th, 9th, 10th, 11th, and 12th levels in the subspace. At Z = 36, the entropies jump down and up for the 10th and 11th levels, where the dominant components (3d −1 3/2 4d 5/2 ) 3 and (3d −1 3/2 4d 3/2 ) 2 exchange. At Z = 45, the entropies have a maximum for the 10th level besides jumping for the 9th and 10th, where the dominant components become (3d −1 3/2 4d 3/2 ) 2 and (3d −1 3/2 4d 5/2 ) 2 . There is one maximum for the 12th level at Z = 86, one maximum for the 11th level at Z = 87, two maxima for the 10th level at Z = 87 and 90, and one maximum for the 9th level at Z = 90. According the sudden changes of entropies, it can also be found that the dominant components (3p −1 3/2 4p 1/2 ) 2 , (3d −1 3/2 4d 5/2 ) 2 , and (3d −1 3/2 4d 5/2 ) 3 have a triangle rotation for the 10th, 11th, and 12th levels at Z = 87 for the first time, and then the 10th level exchanges its dominant components twice with the 11th and 9th levels, in turn, i.e., (3p −1 3/2 4p 1/2 ) 2 and (3d −1 3/2 4d 5/2 ) 2 at Z = 91 and (3d −1 3/2 4d 3/2 ) 2 and (3d −1 3/2 4d 5/2 ) 2 at Z = 92. Figure 6 gives the Shannon entropies for the 15th, 16th, 17th, 18th, and 19th levels. The entropies jump at Z = 37 for the 18th and 19th levels, where the dominant components (3p −1 3/2 4f 5/2 ) 3 and (3p −1 3/2 4f 5/2 ) 2 exchange. However, there is an exception that the dominant components (3p −1 3/2 4f 5/2 ) 2 and (3p −1 3/2 4f 5/2 ) 2 exchange at Z = 41. There is an overlapping broad peak at Z = 64, where the dominant components (3p −1 3/2 4f 5/2 ) 3 and (3p −1 3/2 4f 7/2 ) 3 exchange, but the broad peak is not considered as a sudden change in Figure 6 . At Z = 76, a quadrilateral rotation appears for the dominant components (3p −1 1/2 4p 3/2 ) 2 , (3p −1 3/2 4f 5/2 ) 2 , (3p −1 3/2 4f 5/2 ) 3 and (3p −1 3/2 4f 7/2 ) 3 . At Z = 77, the dominant components (3p −1 3/2 4f 7/2 ) 2 and (3p −1 1/2 4p 3/2 ) 2 exchange. Figure 6 . Shannon entropies for the 15th, 16th, 17th, 18th, and 19th levels labeled as (3p −1 1/2 4p 3/2 ) 2 , (3p −1 3/2 4f 7/2 ) 2 , (3p −1 3/2 4f 7/2 ) 3 , (3p −1 3/2 4f 5/2 ) 2 , and (3p −1 3/2 4f 5/2 ) 3 in the mixed subspace with J P = 2 e and 3 e for Ni-like isoelectronic sequence with Z = 31-92. 30 35 Figure 7 . Shannon entropies for the 20th, 21st, and 22nd levels labeled as (3p −1 1/2 4f 7/2 ) 3 , (3p −1 1/2 4f 5/2 ) 2 , and (3p −1 1/2 4f 5/2 ) 3 in the mixed subspace with J P = 2 e and 3 e for Ni-like isoelectronic sequence with Z = 31-92. Figures 8 and 9 give the Shannon entropies for the 1st, 2nd, 5th, and 6th levels in the mixed subspace with J P = 4 e and 5 e . In Figure 8 , the entropies jump at Z = 36, where the dominant components (3d −1 5/2 4d 5/2 ) 5 and (3d −1 5/2 4d 3/2 ) 4 exchange. Figure 9 shows that the entropies jump at Z = 62, where the dominant components (3p −1 3/2 4 f 7/2 ) 5 and (3p −1 3/2 4 f 5/2 ) 4 exchange with each other. In fact, the 5th and 6th levels, respectively, with J P = 4 e and 5 e , anticross at Z = 61, as shown in Figure 10 . In other words, in combined subspace, the levels with the different J and the same P, which do not have configuration interaction, can also anticross besides those levels with the same J P which can interact with each other. 30 Figure 8 . Shannon entropies for the 1st and 2nd levels labeled as (3d −1 5/2 4d 5/2 ) 5 and (3d −1 5/2 4d 3/2 ) 4 in the mixed subspace with J P = 4 e and 5 e for Ni-like isoelectronic sequence with Z = 31-92. 30 35 Figure 9 . Shannon entropies for the 5th and 6th levels labeled as (3p −1 3/2 4f 7/2 ) 5 and (3p −1 3/2 4f 5/2 ) 4 in the mixed subspace with J P = 4 e and 5 e for Ni-like isoelectronic sequence with Z = 31-92. Figure 10 . Energy diagrams for the 5th and 6th levels labeled as (3p −1 3/2 4f 7/2 ) 5 and (3p −1 3/2 4f 5/2 ) 4 in the mixed subspace with J P = 4 e and 5 e for Ni-like isoelectronic sequence with Z = 59-63. Figure 11 gives the Shannon entropies for the 3rd and 4th levels in subspace with J P = 0 o . Both of them have the maxima at Z = 78, where the dominant components (3p −1 1/2 4s 1/2 ) 0 and (3p −1 3/2 4d 3/2 ) 0 exchange. 30 Figure 11 . Shannon entropies for the 3rd and 4th levels labeled as (3p −1 1/2 4s 1/2 ) 0 and (3p −1 3/2 4d 3/2 ) 0 in the subspace with J P = 0 o for Ni-like isoelectronic sequence with Z = 31-92. Figures 12-14 give the Shannon entropies for the 4th, 5th, 6th, 7th, 8th, 9th, 10th, 11th, and 12th levels in subspace with J P = 1 o . In Figure 12 , the entropies have two maxima at Z = 49 and 55 for the 6th level, one maximum at Z = 50 for the 7th level, two maxima at Z = 55 and 59 for the 5th level, and one maximum at Z = 58 for the 4th level. Meanwhile, the dominant components (3d −1 3/2 4f 5/2 ) 1 , (3d −1 5/2 4f 7/2 ) 1 , and (3d −1 5/2 4f 5/2 ) 1 exchange with (3p −1 3/2 4s 1/2 ) 1 , in turn, at Z = 50, 56, and 59. In Figure 13 , the entropies have one, two, and one maxima for 8th, 9th, and 10th levels at Z = 77 and 81, where the dominant components (3p −1 1/2 4s 1/2 ) 1 exchange with (3p −1 3/2 4d 3/2 ) 1 and (3p −1 3/2 4d 5/2 ) 1 . In Figure 14 , both the entropies of the 11th and 12th levels have maxima at Z = 71, where the dominant components (3p −1 1/2 4d 3/2 ) 1 and (3s −1 1/2 4p 1/2 ) 1 exchange. Figure 12 . Shannon entropies for the 4th, 5th, 6th, and 7th levels labeled as (3d −1 5/2 4f 5/2 ) 1 , (3d −1 5/2 4f 7/2 ) 1 , (3d −1 3/2 4f 5/2 ) 1 , and (3p −1 3/2 4s 1/2 ) 1 in the subspace with J P = 1 o for Ni-like isoelectronic sequence with Z = 31-92. 30 35 Figure 13 . Shannon entropies for the 8th, 9th, and 10th levels labeled as (3p −1 1/2 4s 1/2 ) 1 , (3p −1 3/2 4d 3/2 ) 1 , and (3p −1 3/2 4d 5/2 ) 1 in the subspace with J P = 1 o for Ni-like isoelectronic sequence with Z = 31-92. 30 Figure 14 . Shannon entropies for the 11th and 12th levels labeled as (3p −1 3/2 4d 3/2 ) 1 and (3s −1 1/2 4p 1/2 ) 1 in the subspace with J P = 1 o for Ni-like isoelectronic sequence with Z = 31-92. Figure 15 gives the Shannon entropies for the 5th, 6th, 7th, 8th, and 9th levels in subspace with J P = 2 o . In Figure 15 , the entropies of the 9th level jump at Z = 53, where the entropies of the 7th and 8th have maxima. It is interesting that the dominant components (3d −1 5/2 4f 7/2 ) 2 , (3p −1 3/2 4s 1/2 ) 2 , and (3d −1 3/2 4f 5/2 ) 2 form triangle exchange at Z = 53. There are maxima at Z = 57 for the 5th and 7th levels and at Z = 58 for the 6th level. Meanwhile, the dominant components (3d −1 5/2 4f 5/2 ) 2 and (3d −1 5/2 4f 7/2 ) 2 exchange with (3p −1 3/2 4s 1/2 ) 2 , in turn, at Z = 57 and 58. 30 Figure 15 . Shannon entropies for the 5th, 6th, 7th, 8th, and 9th levels labeled as (3d −1 5/2 4f 7/2 ) 2 , (3d −1 5/2 4f 5/2 ) 2 , (3d −1 3/2 4f 7/2 ) 2 , (3d −1 3/2 4f 5/2 ) 2 , and (3p −1 3/2 4s 1/2 ) 2 in the subspace with J P = 2 o for Ni-like isoelectronic sequence with Z = 31-92. Figures 16-18 give the Shannon entropies for the 10th, 11th, 12th, 13th, 14th, 17th, and 18th levels in the mixed subspace with J P = 3 o and 4 o . In Figure 16 , the entropies of the 11th and 12th levels jump at Z = 57, where the dominant components (3d −1 3/2 4f 7/2 ) 4 and (3d −1 3/2 4f 5/2 ) 3 exchange. At Z = 64, the entropies have maxima corresponding to the exchange between the dominant components (3d −1 3/2 4f 7/2 ) 3 and (3d −1 3/2 4f 5/2 ) 3 for the 10th and 11th levels. Figure 17 shows that the entropies of the 13th and 14th levels jump at Z = 36, where the dominant components (3p −1 3/2 4d 5/2 ) 4 and (3p −1 3/2 4p 3/2 ) 3 exchange. Similarly, Figure 18 presents the entropies of the 17th and 18th levels jump at Z = 40, where the dominant components (3s −1 1/2 4f 7/2 ) 4 and (3s −1 1/2 4f 5/2 ) 3 exchange. 30 In order to better show the connection between the sudden change of Shannon entropies, information exchanges, eigenlevel anticrossings, and strong configuration interactions, all of them have been collected in Tables 6-14 . In these tables, the sudden change is labeled as "Yes" or "No" and the eigenlevel anticrossings are described by the minima of the energy difference between the two corresponding levels; otherwise, "No" is also used. In addition to the sudden change and the minima of the energy differences, the associated levels are illustrated by the atomic state functions which have at most three CSF components, and the coefficients are written in a bold font for the dominant CSFs. It is found that, where there is a sudden change in Shannon entropy, there is an eigenlevel anticrossing, and vice versa. Although there is a minimum ∆E 19,16 = 1.62763 in the subspace with J P = 2 e and 3 e at Z = 39, this minimum is not so obvious that we can think that it does not affect the general law because the energy differences are ∆E 19,16 = 1.62922 and ∆E 19,16 = 1.62774 at Z = 38 and 40, respectively. At the same time, some sufficient conditions could be obtained. That is, if there is a sudden change in Shannon entropy, then the information exchange can take place, and if there is an eigenlevel anticrossing, there is an information exchange. Moreover, it is also clarified that there is no necessary connection between strong configuration interaction and eigenlevel anticrossing and information exchange. Because the eigenlevel anticrossing can be explained by the energy difference which should not depend on the configuration basis in different coupling schemes that, however, the (strong) configuration interaction relies on. Table 11 . Sudden change of Shannon entropies, eigenlevel anticrossings (in a.u.), configuration mixing coefficients, and information exchanges for the levels in the subspace with J P = 1 o . Table 14 . Sudden change of Shannon entropies, eigenlevel anticrossings (in a.u.), configuration mixing coefficients, and information exchanges for the levels in the mixed subspace with J P = 5 o and 6 o .
Z Sudden Change Eigenlevel Anticrossing Configuration Mixing Coefficients

56
Yes ∆E 2,1 = 0.00028 |1 :(3d −1 5/2 4f 7/2 ) 6 , |2 : 0.9922(3d −1 5/2 4f 5/2 ) 5 57
No No |1 : 0.9926(3d −1 5/2 4f 5/2 ) 5 , |2 :(3d −1 5/2 4f 7/2 ) 6
Summary and Outlook
Based on the wavefunctions calculated by using the multiconfiguration Dirac-Hartree-Fock (MCDHF) and relativistic configuration interaction (RCI) methods, the Shannon entropies have been obtained for the ground and excited states of Ni-like isoelectronic sequence. The role of Shannon entropy can be considered as an information measurement of atomic state in configuration space. The larger the entropy, the more ambiguous the information of the energy level and the less meaningful the configuration is. In the present work, a relationship was found among the sudden change of Shannon entropy, information exchange, eigenlevel anticrossing, and strong configuration interaction.
Firstly, the sudden change of Shannon entropy is a sufficient and necessary condition for the eigenlevel anticrossing in a given configuration space, which means that the sudden change of Shannon entropy can be considered as the effective indicator of the eigenlevel anticrossing, likely in the study on the one-electron atom in an external field [2, 3] . In fact, the eigenlevel anticrossing always occurs near the sudden change of entropy, rather than at the exact location of the sudden change, because the discreteness in the isoelectronic sequence. Secondly, if there are sudden changes of Shannon entropy and eigenlevel anticrossings, information exchange must take place, which is very much the same in the study on one-electron atom in an external field. However, there is no sudden change of entropy and eigenlevel anticrossing for individual information exchanges. So, the sudden change in Shannon entropy and eigenlevel anticrossings could be considered as a sufficient condition for information exchanges. Certainly, not only the levels with the same J P but also those with different symmetry can anticross and exchange their information in a given configuration space, along with isoelectronic sequence. The levels with same J P exchanging their information in a configuration space could be reflected by the sharp peak and jump in Shannon entropy as the increasing of nuclear charge Z, while eigenlevel anticrossings and information exchanges between those with different J P can only be shown by the jump in Shannon entropy, along with the isoelectronic sequence.
In addition, it was previously thought that there was an inevitable relationship between the eigenlevel anticrossing and strong configuration interaction in isoelectronic sequences. However, according to the present analysis, there is no necessary causal relationship between them. In theory, the calculated results of energy levels should be the same regardless of the coupling basis set used, but the strength of configuration interaction is related to the coupling mechanism. In fact, the strength of configuration interaction is usually reflected by configuration mixing coefficients. When each configuration mixing coefficient approaches the average n −1 c in a large enough configuration space, which means the entropy of the corresponding level approaches the maximum lnn c , configuration interaction is the strongest. On the contrary, if the configuration mixing coefficients nearly form a unit coordinate vector, then the configuration interaction becomes the weakest. Very commonly for simple level structure in atomic systems, the configuration interaction is strong in the jj coupling scheme but weak in the LS coupling scheme, and vice versa. Of course, configuration interaction, all of which are strong in the jj and LS coupling scheme, may be very weak in other coupling schemes as is more common in the description of doubly excited states [32, 33] , especially for the doubly Rydberg states [34] similar to the quantum chaotic system mentioned by [4, 5] . Therefore, we have the opportunity to rethink the relationship between strong configuration interaction and eigenlevel anticrossing; that is, strong configuration interaction and eigenlevel anticrossing do not always occur at the same time.
Of course, it is hoped that a rigorous theory about Shannon entropy in configuration space is required in order to help us to better understand the traditional atomic physics in various isoelectronic sequences. However, there is no analytical expression in the study of isoelectronic sequences, unlike in the calculation of the entropy of one-electron atom in an external field [2, 3] ; therefore, a number of numerical calculations should be indispensable even if the quantum chaotic systems have been successfully analyzed by using the combination of the perturbation theory and statistical theory [4, 5] . In addition, inspired by nuclear physics [5, 35] , we also hope to give a new expression to the uncertainty relation.
